Weakly magnetized, relativistic collisionless shock waves are not only the natural offsprings of relativistic jets in high-energy astrophysical sources, they are also associated with some of the most outstanding displays of energy dissipation through particle acceleration and radiation. Perhaps their most peculiar and exciting feature is that the magnetized turbulence that sustains the acceleration process, and (possibly) the secondary radiation itself, is self-excited by the accelerated particles themselves, so that the phenomenology of these shock waves hinges strongly on the microphysics of the shock. In this review, we draw a status report of this microphysics, benchmarking analytical arguments with particle-in-cell simulations, and extract consequences of direct interest to the phenomenology, regarding in particular the so-called microphysical parameters used in phenomenological studies.
Introduction
The generation of fast and powerful outflows appears to be a common trait of all high-energy astrophysical sources, often accompanied by outstanding dissipative phenomena observed all across the electromagnetic spectrum. The bright, persistent or sporadic multiwavelength nonthermal radiation emitted by the jets of radio-galaxies, blazars and microquasars, e.g. [1, 2] , the prompt and long-term afterglow emission of gamma-ray bursts from low to high energies, e.g. [3] [4] [5] , the shining pulsar wind nebulae, e.g. [6, 7] , the electromagnetic counterparts of recent gravitational wave events, e.g. [8] , or even the very generation of cosmic rays and neutrinos at extreme energies, e.g. [9, 10] ... all those represent quite remarkable examples.
More often than not, the dissipation agent at play is a collisionless shock front, converting a fraction of the order of 10% of ordered bulk energy into a gas of suprathermal particles, which then radiate through their interactions with ambient fields (e.g., via synchrotron, inverse Compton scattering, Bremsstrahlung, etc.). This ordered energy may be kinetic and/or electromagnetic in nature. It is generally sourced by a central object, which consumes its rotational or magnetic energy reservoir, or which draws hydromagnetic energy from its surroundings.
Those shock waves are said to be collisionless because the mean free path for (Coulomb) binary particle interactions far exceeds the relevant length scales, in particular the thickness of the shock, and this very property makes them ideal sites of particle acceleration, e.g. [11] , proceeding in rather extreme regimes of relativistic plasma astrophysics [12] [13] [14] . In the very high-energy Universe, the outflows can be so powerful that these shocks move at relativistic velocities β sh ≡ v sh /c ∼ 1 into the surrounding plasma. To characterize these phenomena, it is more convenient to speak in terms of four-rather than three-velocity, defining in particular the four-velocity of the shock in the unshocked plasma frame u sh = β sh / 1 − β 2 sh and the Lorentz factor γ sh = u sh /β sh , and to introduce the ambient magnetization, σ = (u A /c) 2 , with u A = B/ √ 4πnmc 2 the Alfvén four-velocity of the ambient plasma, which depends on the magnetic field strength B, the plasma proper number density n and particle mass m.
These two parameters, u sh and σ, together with the composition of the ambient plasma through which the shock is propagating, control the physics of the shock, hence the fate of dissipation. The termination shock of pulsar winds, which separates the inner (unshocked) wind region from the pulsar wind nebula, likely represents the most extreme regime, with u sh 100 − 1000, possibly much larger, and σ ∼ 0.1, although this magnetization could be significantly lower in the narrow equatorial region [15] . By contrast, the external ultrarelativistic shock that precedes the ejecta of gamma-ray bursts, interacts with a medium of weak magnetization, σ ∼ 10 −9 (for the interstellar medium), possibly as large as 10 −5 in magnetized circumstellar winds, while u sh decreases with time from values as large as 100 − 1000, down to the subrelativistic regime [3] . Inside gamma-ray burst outflows, radio-galaxy and blazar outflows, or even microquasars, internal shocks can occur between layers of material propagating at different four-velocities, triggering mildly relativistic [meaning u sh ∼ O(1)] shock waves, e.g., [16] [17] [18] [19] . In such objects, the magnetization is generally unknown, and may take arbitrarily large or small values. The termination shock of AGN jets and the reverse shock propagating back into the gamma-ray burst ejecta are also believed to be mildly relativistic. There as well, the magnetization is generally regarded as a parameter.
The landscape of relativistic, collisionless shock waves is thus quite broad, and much of it remains to be uncovered. This review will deal with the regime of weak magnetization, meaning σ 10 −3 . As the above examples suggest, this regime is likely applicable to many types of high-energy astrophysical sources. It is also a regime in which particle acceleration is known to be particularly efficient, and in which the turbulence that sustains the Fermi process is generated through plasma microinstabilities by the accelerated particles themselves. Under such conditions, one cannot address the physics of particle acceleration, and its phenomenological signatures in high-energy and multi-messenger astrophysics, without delving into the plasma physics of the shock and of its accompanying microturbulence.
The outline of this review is as follows. In Sec. 2, we first sketch the general structure of a shock front on the (fluid) scales on which it appears as a discontinuity, then zoom in on 'microphysical' scales in Sec. 3, so as to explain how particles build the effective magnetized microturbulence that promotes their acceleration. We then extract phenomenological consequences from this microphysics in Sec. 4, and discuss their potential impact in high-energy astrophysics, to conclude with a summary in Sec. 6. Throughout, we use units in which k B = c = 1, and consider a metric signature (−, +, +, +). Quantities evaluated in a particular reference frame, say R d (with d for downstream), are annotated with the corresponding subscript |d . Velocities written as u are understood as four-velocities, while β denotes a three-velocity. All densities and temperatures are expressed in the proper frame.
The hydrodynamical view
In a purely hydrodynamical picture, shock waves form through the interpenetration of fluids at a relative velocity u rel larger than their sound velocity u so . In the astrophysical context, the relevant wave velocity becomes the fast magnetosonic velocity u F max [u so , u A ].
Shock velocity
A general situation is one in which an ejecta with proper density n ej , bulk velocity u ej|ext penetrates a medium at rest with proper density n ext . Here, we assume a relativistic interaction, that is, |u ej|ext | 1. This generally gives rise to a double-shock structure: one (forward) propagating through the external medium, and one (reverse) propagating through the ejecta. From left (ejecta) to right (external medium), the overall fluid structure is then composed of four zones: the unshocked ejecta, the shocked ejecta, the shocked external medium and finally the unshocked external medium. The reverse shock represents the transition layer between the unshocked and shocked ejecta, while the forward shock corresponds to that between the unshocked and shocked external media. Finally, the shocked ejecta and shocked external medium are in pressure equilibrium, separated by a contact discontinuity surface. Both shocked fluids, on either side of the contact discontinuity, move at the same velocity.
To derive the characteristics of these shock fronts, it is best to study the problem in the blast (i.e., the shocked medium) reference frame R b in which the two unshocked plasmas carry equal momentum flux densities. This reference frame is that in which the contact discontinuity lies at rest. Assuming for simplicity that the momentum flux is dominated by the kinetic ram pressure of each fluid (hence neglecting the internal and electromagnetic energies), we have
One may then consider three typical situations and prove the following:
1. Assume first that the blast frame is close to the comoving reference frame of the ejecta, which means that the forward shock is ultrarelativistic, while the reverse shock propagating is subrelativistic. This means β ej|b < 1 and u 2 ext|b u 2 ej|ext 1. From Eq. (1) above, one then infers β ej|b u ej|ext n ext /n ej 1/2 . This situation occurs when u ej|ext (n ej /n ext ) 1/2 (since β ej|b < 1) and n ext n ej .
2. Conversely, the blast frame may be close to the external medium frame, in which case the forward shock becomes subrelativistic while the reverse shock is ultrarelativistic. Using arguments similar to those detailed above, one then finds β b|ext u ej|ext (n ej /n ext ) 1/2 , and u 2 ext|b < 1. This limit applies when n ej n ext and u ej|ext (n ext /n ej ) 1/2 .
3.
In between those two extreme limits, both forward and reverse shocks are truly relativistic. Under these conditions, the shock velocities satisfy the following hierarchy: 1 u ej|b , u b|ext u ej|ext . It then becomes convenient to approximate the relative velocity u ej|b as u ej|b (u ej|ext /u b|ext − u b|ext /u ej|ext )/2 u ej|ext /(2u b|ext ). Inserting in Eq. (1) then gives u b|ext u 1/2 ej|ext n ej /4n ext 1/4 .
Similarly, one also obtains u ej|b u 1/2 ej|ext n ext /4n ej 1/4 .
Those different configurations are illustrated in the phase diagram of Fig. 1 . Both situations 1 and 3 above may govern the physics of the interaction between the ejecta of a gamma-ray burst and the circumstellar medium. Situation 2 is more typical of a pulsar wind nebula, where the termination (reverse) shock is ultrarelativistic while the forward shock propagating in the supernova remnant is well n ext /n ej , |u ej|ext | . The two dotted diagonals delimit the transition between the three typical regimes for the forward and reverse shocks in the blast wave frame: (1.) a subrelativistic reverse shock and an ultrarelativistic forward shock; (2.) an ultrarelativistic reverse shock and a subrelativistic forward shock; (3.) relativistic reverse and forward shocks.
subrelativistic. In this case, however, the electromagnetic nature and the three-dimensional geometry of the wind, which implies dilution through expansion, slightly modify the above arguments. In particular, the wind ram pressure is given by L w /(4πr 2 c) in terms of the wind luminosity L w and radial distance r from the source. Of course, were the velocity of the shock to become smaller than the effective magnetosonic velocity of the ambient medium, it would turn into a compressional wave, and particle acceleration would be quenched. In the following, we study the dynamics and structure of a relativistic shock, which could thus represent either the forward of reverse shock, depending on the ambient conditions, as described above.
Shock jump conditions
Let us now narrow the picture on one relativistic shock front, assuming that the relative velocity β u|d between the unshocked (u) and shocked (d) plasmas has been obtained using the above arguments, viz. β u|d = β ext|b for the forward shock, β u|d = β ej|b for the reverse shock. Following standard conventions, u (resp. d) refers to the upstream (resp. downstream) plasma, since, when viewed in the reference frame in which the shock lies at rest (R s ), the unshocked plasma is inflowing (from upstream), becomes compressed and heated through the shock, and outflows (into the downstream). The relativistic jump conditions can be obtained from the conservation equations of four-current and energy-momentum:
where J ν = (γn, un) represents the four-current of the plasma (γ = u 0 the Lorentz factor), and T µν the energy-momentum tensor. For an ideal fluid, T µν = wu µ u ν + pη µν , with w = p + e the enthalpy density, p the pressure and e the energy density. Integration of these conservation equations across the shock surface gives the shock crossing conditions, which are well-known in the hydrodynamic or weakly magnetized limit, of interest to this review [20] . Here, we derive these conditions in a much simpler way, namely, by integrating the conservation equations in the downstream rest frame directly, rather than in the shock frame. To this effect, we use the fact that in any frame, the shock crossing conditions can be written [12] [J ν ] l ν = 0 ,
where l ν represents the four-vector that is normal to the shock surface. In the downstream rest frame, n µ = −γ s|d β s|d , γ s|d , 0, 0 , hence we obtain [21] γ u|d n u β u|d − β s|d = −n d β s|d ,
In the case of a strong shock (p u w u , or, equivalently, T u m), the shock jump conditions reduce to
whereΓ d is the adiabatic index of the downstream plasma. For an ultrarelativistic shock propagating towards +x, one has β u|d −1. IfΓ d = 4/3, as is relevant to a relativistically hot plasma in 3D, the shock speed relative to the ambient medium is β s|d +1/3, corresponding to a Lorentz factor
, and the ratio between proper densities is n d /n u = 4γ u|d . The compression ratio is defined as the ratio of apparent densities in the shock front frame, which, by virtue of current conservation, is given by γ s|d n d /(γ u|s n u ) = β u|s /β s|d = 3.
Particle-in-cell numerical simulations are often restricted to 2D3V (meaning 2D in configuration space and 3D in momentum space) due to limited computational resources. In the unmagnetized case, the relevant adiabatic index is then that of a 2D relativistic gas,Γ d = 3/2, which leads to a shock speed β s|d +1/2, a shock Lorentz factor γ sh = γ u|s √ 3γ u|d , the ratio between proper densities n d /n u = 3γ u|d 1 , and a compression ratio γ s|d n d /(γ u|s n u ) = β u|s /β s|d = 2.
Relativistic Fermi acceleration
Particles can gain energy at a relativistic shock front through repeated bounces on the magnetized plasmas up-and downstream of the shock, much as in the well-known subrelativistic first-order Fermi process [11, 22, 23] . The particle acceleration mechanisms have been reviewed extensively elsewhere [13, 14, [24] [25] [26] [27] [28] [29] , so we will simply stress some important features of the relativistic regime: 1. Given that β p ∼ β sh and β sh 1, with β p a particle velocity, accelerated particles do not diffuse spatially in the upstream plasma before returning to the shock front. They rather undergo small angle diffusion through an electromagnetic microturbulence, or small angle deflection in a large-scale magnetic field, until their parallel velocity along the shock normal (i.e., the direction of propagation 1 Let us note that for a simulation performed in the downstream rest frame, the apparent density of the upstream flow is equal to n u,app = n u γ u|d . This results in an apparent density of the downstream plasma equal to 4n u,app in 3D simulations and to 3n u,app in 2D PIC simulations (see, black line in Figure 4) of the shock front), becomes smaller than β sh . At that point, the shock catches up with the particle, and the latter is thus sent downstream [30, 31] .
2. As a consequence, if the particle spends a time t res|u in the upstream, the distance between the shock front and the particle is of the order (β p − β sh ) t res|u t res|u / 2γ 2 sh . The region in front of the shock, in which accelerated particles reside, and which is called the shock precursor, is therefore of very limited extent in the relativistic regime [32] . This has important implications for the development of plasma instabilities, because only those whose growth length scale is short enough, can be excited on the precursor crossing timescale [33] [34] [35] .
3. While the spectral index of the momentum spectrum of the accelerated population scales with the shock three-velocity in the sub-relativistic regime, it reaches an asymptotic value s 2.2 in the relativistic regime u sh 1 [30, 31, [36] [37] [38] [39] [40] [41] [42] . The index is here defined by dN/dp ∝ p −s .
4.
While the notion of reference frame is of modest significance in the subrelativistic regime, it becomes crucial in the relativistic regime. The notion of an acceleration timescale, in particular, depends strongly on the frame in which it is calculated. The downstream rest frame, which is about equivalent to the shock rest frame, provides a convenient frame for this purpose.
The microphysical view
When observed on kinetic scales, i.e., of the order of the skin depth c/ω p , where ω p = 4πn u e 2 /m represents the plasma frequency of the ambient (far-upstream) plasma (n u being its proper density), the shock front appears as a smooth transition. For reference, c/ω p 1.2 × 10 7 cm n −1/2 0 , with the notation n x = n/10 x cm −3 for the density in 10 x cgs units. The description of the inner structure of collisionless shock waves is a long-standing problem of fundamental plasma physics. It was suggested early on that, in the absence of binary collisions, collective electromagnetic modes could account for the dissipation that underpins the shock transition [43] . More precisely, such modes are believed to be excited in the shock vicinity through plasma microinstabilities, then to generate a magnetic barrier that slows down, isotropizes and heats up the incoming (unshocked) background plasma.
The relationship between these microphysical processes and the physics of particle acceleration has become clear in recent decades. Gamma-ray burst afterglows, in particular, have provided an important observational test-bed. The modelling of their spectral energy distribution as the synchrotron self-Compton emission of suprathermal distributions of electrons accelerated at the forward relativistic shock, has revealed an effective magnetization 2 B ∼ 10 −3 (to within a few orders of magnitude), see e.g., [3, 44, 45] . As the shock is thought to propagate in a medium of low magnetization, σ ∼ 10 −9 , this effective turbulence must have been self-generated [46, 47] . Additional considerations suggest that such a high effective magnetization must also exist upstream of the shock [48] .
On a different level, analytical arguments indicated that the turbulence responsible for relativistic Fermi acceleration must be of a microphysical nature [27] , and numerical simulations have confirmed that particle acceleration takes place in the presence of microturbulence generated in the shock precursor [49] [50] [51] [52] [53] [54] . Furthermore, the instabilities that shape the profile of the shock wave are also those that seed the upstream plasma with an effective magnetization, and which sustain particle acceleration. The accelerated particles, 2 We distinguish the effective magnetization B in the shock vicinity, from the external magnetization σ, which pertains to the unshocked ambient plasma. In weakly magnetized shocks, B is generically much larger than σ because electromagnetic instabilities, acting in the shock precursor, strongly amplify any pre-existing magnetic energy density. the magnetized turbulence and the shock microphysics thus form an inseparable trio, which explains why one cannot apprehend the acceleration mechanism without discussing in some detail the physics of the instabilities driving the turbulence.
The general picture is then the following. Particles that are energized at the shock front circulate around this shock, and during their acceleration, they execute half-orbits through the background plasma before it crosses the shock front. The extent of the upstream region occupied by these suprathermal particles, called the shock precursor, is determined by their penetration length, which itself depends on their energy. In the rest frame of the background plasma, as it is being swept by the shock precursor, these suprathermal particles form a strongly focused, highly energetic beam, carrying a typical momentum ∼ γ 2 sh m along the shock normal, with a transverse momentum dispersion smaller by a factor ∼ γ sh . This configuration of two interpenetrating plasmas in the shock precursor begets fast-growing electromagnetic instabilities.
The identification of the dominant modes in the shock precursor is therefore critical to characterizing the nature of the microturbulence, and thus the performance of the acceleration process. We first discuss the case of very weakly magnetized shock waves, generally speaking σ 10 −4 , before turning to the case of a more moderate magnetization.
The description that we provide is corroborated by numerical studies carried out for shocks propagating into pair plasmas. This choice is mostly dictated by the need to save computational time, as one does not need to resolve the dynamics of the particles of the smaller mass, as in an electron-ion system. As it turns out, electrons are observed to be heated up to near equipartition with the ions in weakly magnetized relativistic shocks [51] [52] [53] 55] , and thus to behave as 'anti-protons' behind the shock. In the precursor, the electrons follow the dynamics of the ions that carry the bulk of the inertia. Therefore, in some sense, one expects the dynamics of an electron-ion shock to resemble that of an antiproton-proton shock. Further below, we address in more detail how the mass hierarchy of an electron-proton plasma is expected to alter the picture presented in the following.
Weibel-mediated shock waves at low magnetization σ 10 −4
At sufficiently low magnetization levels, the background magnetic field does not affect the instability growth. In this section, we therefore consider an unmagnetized ambient plasma (σ = 0). The dominant instabilities that arise when a hot dilute beam of particle penetrates a cold denser plasma are the current filamentation instability (CFI), the electrostatic two-stream and the so-called oblique modes [34, [56] [57] [58] [59] [60] [61] . In the relativistic regime of unmagnetized collisioness shocks, the CFI dominates over most of the precursor, and this is particularly true near the shock front, where the beam-to-plasma density ratio, n b /n p , approaches unity.
Current filamentation instabilities correspond to kinetic-scale instabilities feeding on phase space anisotropies and resulting in the formation of current filaments. One usually draws a distinction between the original Weibel instability [62] and the filamentation instability [63]. The former arises from thermal anisotropies, while the latter emerges in counterpropagative flow configurations that produce a momentum anisotropy, and which can be regarded as an effective temperature anisotropy. Both have in common the generation of filamentary structures characterized by wavevectors respectively oriented along the cold direction (for Weibel) or the normal to the flow (for the CFI). In the context of relativistic shocks, the CFI is triggered by the suprathermal particles counterstreaming against the background plasma in the shock precursor. In the downstream region, where both populations are assumed to be isotropized, these instabilities no longer grow, yet there remains a decaying turbulence [50, 64, 65] through which the suprathermal particles can radiate [46, [66] [67] [68] [69] . For a concrete illustration, the left panel of Fig. 2 shows the particle momentum distribution density (in log 10 scale) in a portion of plasma ahead of a relativistic shock front, i.e., in the shock precursor. The numerical data is extracted from a 2D3V PIC simulation of an unmagnetized pair shock wave with Lorentz factor γ sh = 173 [54] . The shock front propagates in the +x direction, see the sketch in the right panel. The phase space -color code indicating density -is strongly anisotropic and comprises two distinct populations: the cold (i.e., of small extent in p y ) and dense background plasma, drifting with β x < 0 in the downstream frame R d (coinciding with the simulation frame), vs. the hot and dilute suprathermal particle distribution.
The right panel of Fig. 2 sketches the development of the CFI in the shock precursor. Given an initial fluctuation in the transverse magnetic field, δB z , here represented as a harmonic mode, the positively and negatively charged components of each (background and suprathermal) plasma population are deflected in different directions, the electrons of one population being pinched together with the positrons of the other around the magnetic-field nodes, and vice versa. This results in the formation of alternating-sign current density filaments. This modulated current density exerts a positive feedback on the magnetic perturbation, which further focuses the particles, thus enhancing the current density, etc. The system thus exchanges energy between the reservoir of free energy, associated with the plasma momentum anisotropy, and the magnetic field.
The growth rate of the Weibel instability is large, which makes it the dominant instability in the precursor of weakly magnetized shocks [34, 47, [59] [60] [61] [70] [71] [72] . In the rest frame of the background plasma, it reaches ω ω pb (in the cold limit), where ω pb denotes the (relativistic) plasma frequency of the suprathermal population. One has ω pb = 4πn b e 2 /T b the temperature of the suprathermal particles (and κ T b a numerical prefactor for normalization purposes),
The quantity γ 2 sh n u m represents the incoming ram pressure of the background plasma in the shock frame. The maximum wavenumber for growth is k max ∼ ω p /c, meaning that the CFI produces filaments whose typical size is of the order of the background plasma skin depth, that is, at kinetic/microphysical scales.
Although the saturation mechanisms of the CFI are still debated, the magnetic energy density is generally observed to reach a few percents of the available kinetic energy density.
As illustrated in Fig. 3 , the shock precursor develops a highly anisotropic spatial structure with filaments of typical width of a few c/ω p and aspect ratio ∼ O (10) . The top panel shows the characteristic geometry of the magnetic field surrounding the current filaments: here in 2D, the out-of-plane (B z ) component alternates in sign on each side of a filament. The color code shows how the magnetic field strength increases from the far precursor (to the right) toward the shock. It also reveals the density modulations induced in the background plasma (middle panel), much stronger than those exhibited by the suprathermal particles (bottom panel). Those profiles can be described analytically, assuming that at each point in the precursor, the system can be approximated as a quasi-steady pressure equilibrium of (transversely) periodic filamentary structures. Consider an infinite, y-periodic system of current filaments drifting along the x-axis, in (thermal and transverse magnetic) pressure equilibrium [73] . Assuming plasmas of uniform temperatures and drift velocities, then solving for the pressure equilibrium, one finds that the density of species α, with charge q α , drift velocity u α = γ α β α , and (proper) temperature T α can be expressed as
This equation assumes weak density modulations, as observed numerically. The electromagnetic potential is here written as A µ = (φ, A x , 0, 0). The suprathermal particles have a much larger apparent temperature, T b /γ b , than the background plasma, hence the above expression predicts a much weaker modulation for this population, in agreement with Fig. 3 . As a matter of fact, the suprathermal particles are so energetic in the frame of the turbulence (to be precised further on), that they can be regarded as rather insensitive to the turbulence, while the background plasma particles are, by contrast, partially trapped in the filaments.
PIC simulations confirm the above theoretical picture of a precursor dominated by a Weibel-type turbulence [50] [51] [52] [53] [54] [55] 74] . In particular, they indicate that the turbulence is mostly magnetostatic in a certain reference frame, which we call the Weibel frame, R w [75] . It is expected, because the CFI is itself a magnetic instability, but this, of course, can only be true in one particular frame (R w ). In a configuration where the counterstreaming plasmas share the same characteristics, symmetry considerations dictate that this frame must coincide with the lab frame. In the precursor of a relativistic shock, where the interaction is highly asymmetric, the dynamics of this reference frame becomes nontrivial, but proves to be of crucial importance as it sets the frame in which particles undergo elastic interactions in the course of their acceleration.
In the above model of quasi-steady pressure equilibrium, one can characterize the Weibel frame as follows [75] . Using Eq. (9) in Maxwell's equations and summing over positively and negatively charged species, we derive
whose solutions reproduce the simulated harmonic pattern of perturbations along the y-axis. The Weibel frame is then defined as that in which a solution to the above system can be found with a vanishing electrostatic component
Here, quantities indexed by p relate to the background plasma and are understood to be position-dependent inside the precursor. Solving this equation then gives
Here n u represents the proper density of the far-upstream (unshocked) background plasma, while n p denotes its proper density at the position considered inside the precursor. The important lesson to be learned here is that the Weibel frame moves at a subrelativistic velocity relative to the background plasma, and at a relativistic velocity in the shock frame. Hence, the background plasma essentially carries the microturbulence, which embeds the scattering centers of the suprathermal particles. We draw attention to the fact that the above description holds in pair plasmas. In ion-electron systems, by contrast, the large disparity in inertia between electrons and ions entails differential deceleration between the ions and electrons of the background plasma, together with great differences in their proper density and temperature. Thus, one should distinguish between the background electron and ion contributions in Eq. (10), resulting in an expression for the Weibel frame velocity different from Eq. (11) .
While the background plasma density (as seen in the shock or downstream frames) remains almost constant all along the precursor (due to its velocity |β x | ∼ 1), the fast decrease in the beam density implies that oblique modes should dominate over the CFI sufficiently far from the shock (ω p x/c 10 3 in the above simulation). These modes are characterized by wavenumbers of oblique orientation with respect to the flow and are of electrostatic nature (E 2 − B 2 > 0). They are expected to develop at the tip of the precursor, with typical wavenumbers k x ∼ k y , and with a maximum growth rate Γ max ω 2 pb ω p 1/3 [34, 57] . When counterpropagative plasmas drift at sub-or mildly-relativistic speeds, the system may become dominated by the two-stream instability, associated with wavevectors parallel to the flow, and hence producing longitudinal electrostatic perturbations. Such modes, however, should not play an important role in the relativistic regime. 
Structure of the precursor
Zooming in on kinetic scales reveals that the shock is composed of a transition region, which extends over ∼ 100c/ω p , preceded by nontrivial dynamics throughout the precursor region, whose size is dictated by the scattering length scale of the high-energy suprathermal particles. This is best illustrated by Fig. 4 , which presents a set of one-dimensional (transversely averaged) profiles along the direction of shock propagation, extracted at time t 10 4 ω −1 p from a 2D3V pair shock simulation with Lorentz factor γ sh = 17 (corresponding to relative Lorentz factor γ u|d = 10). The precursor region extends from x = 0 (the shock front location) to x 5 × 10 3 c/ω p . The background plasma (moving from right to left) is seen to heat up progressively as it decelerates through a microturbulence of growing amplitude, here quantified by the effective magnetization B = δB 2 |s / 4πγ 2 sh n u mc 2 . A comprehensive kinetic description of the dynamics of the background plasma in the Weibel-type turbulence has been provided in [54, 75, 76] . As its detailed presentation would exceed the frame of this review, we summarize here the salient results, which are important to understand how the PIC simulation results could be extrapolated to the scales of astrophysical interest.
As a result of their small inertia in the Weibel frame, the background plasma particles are strongly deflected by the magnetic fluctuations, and hence they keep on relaxing in that frame. At the same time, the Weibel frame decelerates (as seen from right to left) in the shock frame because of the growing momentum flux of the suprathermal particles, which interact with the turbulence through scattering. The microturbulence thus serves as a communication agent between the suprathermal and background plasmas. Consequently, since the Weibel frame steadily slows down in the shock frame, in agreement with Eq. (11), so does the background plasma.
Although the background plasma particles experience elastic pitch-angle scattering in R w , they also gain energy in that frame because of its noninertial nature. This can be seen as some form of Joule heating, wherein the effective gravity plays the role of the driving force, while scattering off the microturbulence acts as collisional friction. This causes the plasma to heat up gradually as it slows down through the turbulence. In this picture, the larger the mean free path of the particles in the turbulence, the faster their heating. Detailed modelling indicates scattering frequencies of ν |w ∼ 0.01ω p in the Weibel frame [76] .
Eventually, as the background plasma comes within a scattering length scale from the shock front, it decouples from the microturbulence, heats up rapidly, to eventually couple back to the microturbulence downstream of the shock, where the conditions are such that the Weibel frame now coincides with the downstream frame. The shock transition has then taken place. In the process, a fraction of the plasma particles are injected into the suprathermal energy tail; thus replenished, the latter population continues fuelling the microinstabilities, thereby sustaining the shock dynamics.
The above physics can be approached through a fluid picture involving the background and suprathermal plasma populations. Because the microturbulence moves subrelativistically with respect to the background plasma, it can be included in the energy budget of the background plasma, and because its contribution to this budget is modest (∼ 1 %), it can be neglected to leading order. In this description, the shock behaves as a "cosmic-ray-mediated shock" [77] , since the dynamics of the background plasma in the precursor is controlled by the momentum exchange with the suprathermal population. Such dynamics has been reproduced in nonlinear Monte Carlo simulations, both in the sub-and ultrarelativistic regimes [38, 42, [78] [79] [80] .
Describing the background and suprathermal plasmas as perfect fluids, and solving the equations of conservation of current and energy-momentum in a one-dimensional (along the direction of shock propagation), steady-state configuration, one can derive the following laws of deceleration and heating of the background plasma:
These relationships apply as soon as the dimensionless pressure of the suprathermal particle population fulfills ξ b 1/γ 2 sh . At larger distances from the shock (smaller ξ b ), the background plasma remains in its initial state.
The microturbulence grows slowly in amplitude through the precursor, and it probably reaches a saturated state on long timescales, although this remains the subject of debate. Particle-in-cell simulations indicate that B abruptly rises in the vicinity of the shock front, which has often been attributed to an explosive growth of microinstabilities. On the contrary, the above model suggests that the microturbulence simply grows through adiabatic compression of the magnetic field lines, as R w slows down to subrelativistic velocities in the shock transition. From Eq. (12), the shock transition occurs when ξ b reaches values ∼ 0.1, because the plasma has by then been decelerated to mildly relativistic velocities. The value ξ b ∼ 0.1 can thus be viewed as the typical injection value of the suprathermal particle population in the precursor, and it appears as a key condition for the shock structure. It matches well the fraction of energy density (∼ 10 %) that has been nearly universally observed in PIC simulations of weakly magnetized, relativistic shocks [49] [50] [51] [52] [53] [54] .
To support the above scalings, we plot in the left panel of Fig. 5 the evolution of the Lorentz factor of the background plasma across the shock precursor, and juxtapose the scaling law (12) from the fluid model. Good agreement is observed between the two curves over the plasma deceleration region. The right panel of Fig. 5 , which zooms in on the B profile around the shock front, shows that its sudden growth obeys the expected law, B ∝ β −2 w|s . This close match nicely explains the formation of the magnetic barrier at the shock front. 
Relativistic shocks of moderate magnetization 10
We now discuss the modification of the shock structure when a nonnegligible mean magnetic field pervades the upstream plasma. We will be interested in magnetizations σ = 0 but 0 < σ 10 −2 . At the latter upper bound value σ 0.01, counterstreaming microinstabilities no longer have time to grow on the crossing timescale of the precursor [33, 34, 81] , and the shock becomes mediated by the compression of the background magnetic field, accompanied by the emission of high-amplitude electromagnetic waves [82] [83] [84] [85] . The latter case will not be discussed in this article as no strong evidence for Fermi acceleration has been observed in such shocks [86, 87] , although see [88, 89] .
With increasing magnetization, the background (external) magnetic field starts to affect the transport of suprathermal particles, to eventually control the length scale of the precursor at a magnetization σ σ c = 10 −4 . This critical value can be understood as follows. In the shock rest frame, microturbulent scattering leads to an effective mean free path (scattering length scale) 3 scatt|s ∼ r 2 g,δB /λ δB ∼ −1 B (γ/γ sh ) 2 c/ω p in the near precursor (with r g,δB = γm/ (eδB) in terms of the particle Lorentz factor γ and the far-upstream background plasma frequency ω p ), while the gyration scale in the background magnetic field is simply r g,B ext |s σ −1/2 (γ/γ sh ) c/ω p , with r g,B ext |s = γm/ eB ext|s and B ext|s = γ sh B ext|u .
This means that at magnetization levels σ 2 B ∼ 10 −4 (for a representative value B ∼ 10 −2 , observed in PIC simulations), the external field effectively governs the transport of all suprathermal particles, because their Lorentz factor verifies γ γ sh , hence r g,B ext |s < scatt|s .
This critical magnetization presumably delimits the regime where the physics of the shock is governed by the current filamentation instability (σ 10 −4 ), from that where the external magnetization plays a dominant role (σ 10 −4 ). In the latter case, the dominant instability is actually supported by this external 3 More precisely, if γ p represents the position-dependent Lorentz factor of the background plasma with respect to the shock front, with γ p = γ sh outside the precursor, and γ p < γ sh inside the precursor, as a result of deceleration, then the correct expression for the scattering length is [90] : scatt|s γ p r 2 g,δB /λ δB|w , with λ δB|w c/ω p the turbulence coherence length. The expression in the main text assumes γ p ∼ a few, which holds in the near precursor, where deceleration to mildly relativistic values has taken place.
Figure 6.
Left panel: Sketch of the development of the perpendicular current driven instability at a moderately magnetized relativistic collisionless shock. Here, the shock propagates toward along the x-direction and the external magnetic field lies in z-direction. In the shock rest frame, this magnetic field is accompanied by a motional electric field along −y. The suprathermal particles gyrate in this electromagnetic structure in the course of their upstream Fermi cycles, generating a net perpendicular electrical current j b , oriented along E. As the background plasma enters the precursor, it seeks to compensate this perpendicular current, which triggers the PCI. Right panel: Measurement of the global x and y electrical, as integrated over the length scale of the precursor, as a function of the external magnetization σ, taken from PIC simulations reported in [93] . At 10 −4 σ 10 −2 , a net perpendicular current is generated. magnetization, and termed "perpendicular current driven instability". We now discuss the structure of the precursor in this magnetization region.
Perpendicular current driven instability
In the case where the upstream plasma is magnetized, the precursor size decreases and the rapid advection of the background plasma through the precursor prevents the growth of slow modes [33, 34, 91] . In this context, the CFI enters competition with other instabilities which may grow faster during the crossing time of the precursor. Some of these instabilities where discussed in the recent literature, e.g., [92] . Here, we discuss in some detail the perpendicular current driven instability (PCI), which appears to provide the leading source of magnetization [35, 81] .
In Fig. 6 , we present a sketch of the precursor in this context, illustrating the development of the PCI in the shock front frame (left panel). The typical size of the precursor is c/ω c , with ω c = eB ext|u / (mc) the upstream cyclotron frequency, B ext|u = B ext|s /γ sh the magnetic field as measured in the unshocked plasma rest frame. As discussed earlier, this length scale also corresponds to the typical gyration radius r g of the suprathermal particles in the shock front rest frame, whose typical Lorentz factor ∼ γ sh .
During their half-Fermi cycles, the suprathermal particles gyrate in the electromagnetic structure, which is composed of B ext|s and its accompanying motional electric field E |s = −β p × B ext|s . Particles of opposite charge gyrate in opposite directions along the transverse direction, thereby generating a net electrical current density j b , oriented along E |s . The diamagnetic effect of this current is so large, that it has to be compensated in a steady state situation.
The magnitude of this current is j b ∼ γ sh ξ b n u e, since the number density of suprathermal particles in the shock frame is of the order of γ sh ξ b n u . As the particles of the unshocked plasma enter the precursor, they are driven in the perpendicular direction to achieve current compensation. Positrons drift towards +y while electrons drift towards −y. As the background plasma is inflowing in this shock frame with Lorentz factor γ sh and apparent density γ sh n u , the transverse 3-velocity is of the order of ξ b , which implies a perpendicular four-velocity |u y | ∼ γ sh ξ b , so that |u y | 1 is expected for relativistic shocks, possibly |u y | 1. Figure 6 (right panel) shows the PIC-simulated electrical currents flowing through the precursor of relativistic shocks with γ sh = 17, as a function of magnetization. A net perpendicular current is indeed observed at magnetizations 10 −4 σ 10 −2 , in agreement with the above estimates [93] .
As detailed in Refs. [35, 81] , the PCI can be regarded as a form of filamentation instability acting in the transverse direction, and creating filaments of non-alternating polarity. Neglecting indeed the response of the suprathermal particles to the growth of the instability, this latter can be pictured as follows. As the oppositely charged species of the background plasma flow into opposite directions along y, they are focused into the nodes of any perturbation δB z modulated in x, as for the filamentation instability (in which particles inflowing along x are pinched into filaments modulated in y by a perturbation δB z ). One difference, here, is that the currents do not alternate in polarity, because of the existence of a net current carried by the background plasma. The PCI breaks up this uniform current into current filaments of a same polarity.
A relativistic two-fluid analysis of this instability indeed confirms that the fastest growing mode exhibits a wavenumber oriented along the shock normal (x direction), and dedicated PIC simulations have confirmed the fast growth of this instability, with ω |β y |ω p , with |β y | min (1, γ sh ξ b ) the transverse 3-velocity [81] . The growth rate can thus be as fast as ω p , which exceeds that of the CFI.
Structure of the precursor
The deflection of the incoming flow along y implies a substantial deceleration of the flow along x. One can apprehend this slowdown as follows. The Lorentz factor of the flow remains large, in particular the total 3-velocity |β| ∼ 1, up to corrections of order γ −2 sh . However, conserving the energy per particle while achieving current compensation implies that β x deviates from its initial value by quantities of the order of ξ 2 b . In other words, the plasma decelerates to longitudinal bulk Lorentz factor γ p ∼ ξ −1 b if ξ b 1/γ sh , but retains its initial asymptotic value of γ sh if ξ b 1/γ sh . Alternatively, one can construct a fluid model, as for the CFI-mediated shocks discussed in Sec. 3.1, attributing the transverse motion to an effective temperature, given that positively and negatively charged species flow into opposite directions. This temperature is thus of magnitude T p ∼ |u y |m. Conservation of energy density then implies that the bulk Lorentz factor drops as γ p ∼ γ sh / 1 + w p /n p , with w p (resp. n p ) the enthalpy (resp. number) density at the given location, assuming that the plasma is initially cold. Once the plasma becomes relativistically hot, w p /n p 4T p implies indeed γ p ∼ ξ −1 b for |u y | γ sh ξ b 1. This is a quite remarkable feature: the compensation of the current slows down the incoming plasma, such that, at large values of the current, γ sh ξ b 1, the relative Lorentz factor between the plasma and the shock front becomes of the order of 1/ξ b , independent of the initial Lorentz factor. In this sense, the shock precursor plays the role of a buffer. While for σ 10 −5 , the slowdown of the incoming plasma is ensured by the scattering of suprathermal particles off the microturbulence, it results here from current compensation. While for σ 10 −5 , γ p ∝ ξ −1/2 b and ξ b ∝ x (2−s)/2 for a power-law distribution dN/dp ∝ p −s [90] , here γ p ∝ ξ −1 b and ξ b ∝ x 2−s . Hence, when the transport is dominated by the external magnetic field, the background plasma evolves more rapidly in the precursor. Figure 7 presents (in ln scale) the magnetic field strength e|B z − B 0 |/(mcω pe ) (or, equivalently, γ u|d 1/2 B ) as obtained from PIC simulations at γ sh = 17 and different magnetizations. This figure is adapted from Ref. [93] , but see also [53] . At the top, corresponding to low magnetizations (σ < 10 −4 ), the turbulence takes on a filamentary structure, elongated along the shock normal, typical of the CFI. Accordingly, at those magnetizations, the net perpendicular current shown in Fig. 6 is weak, because the incoherence of the microturbulence dominates the regular pattern of gyration in the background magnetic field. Hence, the shock precursor is dominated by the CFI. In the bottom panels, for σ > 10 −3 , the size of the precursor is too restricted to perform a detailed study of the microturbulence, but its structure observed downstream suggests that a different mechanism is at play and indeed, the perpendicular current is strong in that case. The PCI presumably dominates the generation of turbulence in this case.
A view in terms of magnetization
The shortening of the precursor with increasing magnetization is a nontrivial effect that deserves some comments. The maximal extent of the precursor is set by the penetration length of the highest energy particles, but its typical extent is set by the penetration depth of the bulk of suprathermal particles, with Lorentz factors γ ∼ γ sh . At intermediate magnetizations σ 10 −4 , the background magnetic field controls the trajectories of the particles upstream of the shock, hence the typical length scale is the gyroradius r g σ −1/2 c/ω p , and the precursor scale indeed diminishes with increasing σ. At lower magnetizations, σ 10 −4 , the microturbulence rather determines the penetration length, which becomes scatt|d ∼ −1 B c/ω p , independent of σ. The actual appearance of the shock is somewhat modified by the fact that, as particles are accelerated to higher and higher energies, their penetration depth increases, thereby enlarging the precursor. The appearance of the precursor also depends on the scaling of the various parameters (ξ b , γ p , etc.) with x, which differs at low and intermediate magnetizations. Furthermore, the maximal energy of accelerated particles itself depends on the magnetization, at intermediate magnetizations at least. This will be addressed in the forthcoming section.
Finally, for σ > 10 −2 the microturbulence does not have time to grow in the precursor, as mentioned above. It is replaced by large-amplitude electromagnetic waves emitted from the shock front, which result from maser emission of particles gyrating synchronously in the compressed background magnetic field [33, 34, 81] .
Phenomenological consequences
In this section, we summarize the various phenomenological implications of the microphysical picture derived above, as well as their potential observables in high-energy astrophysics.
Acceleration and spectral index
We first recall that, at the magnetizations that we are interested in (σ 10 −3 ), particle acceleration can take place at relativistic shock waves, although it is restricted to a finite range of gyroradii (notwithstanding other limitations associated to energy losses and escape), see [53] for simulations. This can be understood as follows. In the relativistic regime, the magnetic configuration is most generically superluminal, hence the background magnetic field inhibits acceleration by dragging the particles away from the shock front, at the velocity β s|d 1/3. At those magnetizations, however, the precursor becomes permeated by an intense microturbulence, which can unlock the particles from the background field lines, and thus sustain acceleration [34] . This happens provided the scattering frequency of particles in this (downstream) microturbulence, ν scatt,δB ∼ B (γ/γ sh ) −2 ω p , exceeds their gyrofrequency in the background field, ν c,B ext ∼ σ 1/2 (γ/γ sh ) −1 [91] . Since ν scatt,δB falls off faster with energy than ν c,B ext , this implies the existence of a maximal (downstream frame) Lorentz factor, γ max ∼ B σ −1/2 γ sh , above which the particles exhibit such a large gyroradius, as compared to the typical scale of the microturbulence, that their scattering becomes so feeble that they are more rapidly advected away from the shock front by the background field than scattered back to the shock by the microturbulence. This scaling has been tentatively detected in the PIC simulations reported in [93] . Using their results, the dependence of this maximal Lorentz factor can be scaled as
The above holds for a shock propagating in a pair plasma. In an electron-proton plasma, γ max is multiplied by m p /m, where m represents the mass of the accelerated particle. At σ ∼ 10 −3 , the powerlaw distribution can already extend over ∼ 1 order of magnitude beyond the injection energy, leading to a synchrotron spectrum covering 2 decades [93] . A well-known prediction for the slope of the accelerated population is s 2.2 in the ultra-relativistic regime u sh 1 (recalling that the slope is defined by dN/dp ∝ p −s ) [31, [36] [37] [38] [39] [40] [41] [42] . This estimate, which has been obtained through test-particle Monte Carlo simulations and analytical calculations, assumes that the particles can scatter isotropically, meaning with equal probability in all directions, in the turbulence rest frame. Since both the mean magnetic field and the shock normal set privileged directions, this may not always be the case. In the presence of anisotropic scattering, the spectral index is typically steeper, with s 2.4 − 2.7, [e.g., 28, 94, 95] .
A direct measurement of the slope of the accelerated particle population can be carried out in PIC simulations, although the restricted range over which this population is obtained, as a consequence of both the above intrinsic limitation associated with the magnetization and the relatively short time over which such simulations can be conducted, restrains its accuracy. Furthermore, this slope may be affected by the geometry of the simulation, which nowadays is typically 2D3V for the larger-scale computations. The observed slope is s 2.3 ± 0.1 at u sh 1. Figure 8 shows the energy spectrum of accelerated particles at different distances from the shock in the unmagnetized case (σ = 0). It is worth noting that similar trends are observed for σ ∈ 10 −6 , 10 −3 [93] .
Acceleration rate and consequences on the particle maximum energy
The maximal energy can be further limited by energy losses and/or escape losses, the former applying in general to electrons and positrons, the latter to ions. The limiting energy then depends on the acceleration rate. Although phenomenological studies often rely on the Bohm estimate t acc ∼ r g /c, the latter does not apply to weakly magnetized relativistic shock waves, because the small-scale nature of the turbulence slows down the acceleration: the larger the energy of the particle, the larger the ratio of its gyroradius to the length scale of the turbulence, hence the less effective the scattering, and the more t acc departs from the Bohm scaling. For the correct estimate of the scattering time up to a prefactor κ (see thereafter), recalled above, we obtain
where µ represents the ratio of the mass of the accelerated particle to the mass of the inertia carriers, meaning µ = m e /m e = 1 for a pair shock, µ = m e /m p 1/1836 for an electron in an electron-proton shock, µ = m p /m p = 1 for a proton in an electron-proton shock, etc., and λ δB the coherence length of the microturbulence. Here, we adopt B 10 −2 , as observed in PIC simulations.
The numerical prefactor κ, of the order of unity, can be determined from PIC simulations, using the fact that Eq. (14) above implies γ max (t) κ −1/2 γ sh µ −1 1/2 B 2tω p 1/2 , which can be confronted with the scaling of the maximal Lorentz factor in PIC simulations, reported in Fig. 9 (for a pair shock). From this figure, we derive κ 0.4. . Temporal evolution of the maximal Lorentz factor of the particle distribution in different simulations with increasing magnetization (lines with different colors). The dashed lines indicate, for reference, the γ max ∝ t (Bohm regime), and γ max ∝ √ t scaling (small-angle scattering). From Ref. [93] .
Comparing the acceleration timescale to the synchrotron loss timescale, t syn = 6πm e c/ σ T δB 2 γ , then allows one to express the electron maximal Lorentz factor in a simple way, as a function of the turbulence length scale and r e the classical electron radius: γ e, max 9 4κ
with λ δB,0 the turbulence length scale in cm. For instance, if λ δB 10c/ω p , and ω p 10 7 cm, corresponding to a density (of the unshocked electron-proton plasma) of 1 cm −3 , the electron maximal Lorentz factor is of the order of 10 7 [96] . This value is calculated in the reference frame of the blast (the shocked plasma). In the early phase ( 100 s) of a gamma-ray burst afterglow, this leads to the emission of synchrotron photons with an energy as large as ∼ 1 GeV, e.g., [53, 96, 97] , as seemingly required by the observation of extended high-energy emission in gamma-ray bursts [5] .
For protons, the limiting constraint rather derives from the age of the shock, R/(γ sh β sh c), in which case one obtains [96] E p, max 1 PeV R 17 (γ sh /100) 3/2 n 1/4 0 .
Here, E p, max is calculated in the source rest frame, thus including a boost by a Doppler factor δ D γ sh .
Minimum electron Lorentz factor in electron-proton plasmas
In the rest frame of a weakly magnetized relativistic shock, the energy reservoir is carried by the incoming background plasma, under the form of kinetic energy. Consequently, in an electron-proton shock, the electrons carry a fraction m e /m p less energy than the ions, and if both species were to satisfy the hydrodynamical shock crossing conditions separately, then behind the shock, the electrons would still carry a small fraction e m e /m p of the energy density. Particle-in-cell simulations have shown that, on the contrary, behind the shock, e 0.3, meaning that the electrons have drawn energy from the initial ion kinetic energy reservoir [52, 53, 55, 87] .
Equivalently, they have been heated up to a large minimum Lorentz factor, γ e,min ∼ e γ sh m p /m e , implying a mean energy close to that of the protons, for which γ p,min ∼ γ sh . A value e 0.1 − 0.3 appears in rather good agreement with most light curves of gamma-ray burst afterglows, e.g., [3, 4, 98] .
In the frame of the microphysical model developed in the previous sections, this energy transfer is the consequence of the different inertias of the background electrons and protons: as these species relax at different rates in the Weibel frame R w , the resulting charge separation induces an electrostatic potential that pulls the electrons through the turbulence, in line with the ions, enhancing electron friction and therefore heating. We point out that other mechanisms have been proposed in the literature, e.g., [99, 100] , and that the detailed physics of heating remains debated.
It is also interesting to note that phenomenological models of extreme blazars, defined as those whose observed synchrotron peak energy syn, max 1 keV, imply a large minimum Lorentz factor of the electron distribution, γ e,min 10 3 , as well as a low magnetization σ 10 −3 , see e.g. [101] . It is thus tempting to interpret this observation as the signature of electron preheating in a relativistic electron-proton shock, as described here.
Fate of downstream turbulence
Another important consequence of the shock microphysics is that the turbulence, which sustains the acceleration process, exhibits a typical length scale of the order of the plasma skin depth ∼ c/ω p , hence it is prone to decay through phase mixing. Figure 10 shows the spatial decay law observed in a PIC simulation of a pair shock with γ sh = 17. Phase mixing erodes the magnetic fluctuations by erasing the small-scale structures first, with a damping rate ω ∼ −|k| 3 c 3 /ω 2 p in terms of (transverse) wavenumber k [64, 65] . In the reference frame of the blast, the shock front moves away, with respect to a given plasma element, at velocity c/3 (or c/2 is 2D numerical simulations). Hence, damping in time translates into damping in terms of distance to the shock, x. More specifically, if the one-dimensional power spectrum of the turbulence 4 satisfies δB 2 k ∝ k −q , with q < 1 (because most of the turbulence power lies on the shortest spatial scales), then the turbulence decays as δB 2 (x) ∝ |xω p /c| (q−1)/3 for |xω p /c| 1. Particle-in-cell simulations suggests δB 2 ∝ |x| −0.5 [50, 54, 64] , and therefore a power spectrum index q −0.5, see Fig. 10 for an illustration. A decaying microturbulence bears interesting phenomenological consequences for the spectral energy distribution [66] [67] [68] [69] . In effect, electrons of Lorentz factor γ cool on a synchrotron timescale t syn 10 12 δB −2 0 γ −1 n 1/2 0 ω −1 p (magnetic field δB 0 expressed in Gauss, density n 0 in cm −3 ), thus orders of magnitude larger than ω −1 p . All electrons (but those of the very highest energies) thus cool in a region in which the turbulence has decayed through phase mixing. The magnetic field strength that is inferred from the observations, through the modelling of the spectral energy distribution, corresponds to that in the radiation region, and is therefore expected to be much smaller than its effective value in the acceleration region.
To quantify the above effect, one may consider that B (x) B+ in a region of width 30 − 100c/ω p behind the shock front, with B+ 0.01 the value measured in PIC simulations in the shock vicinity, and that B decays as some powerlaw beyond that distance, B ∝ xω p /c α (with α ∼ −0.5), down to a minimal value B− near the contact discontinuity. Incorporating such a model in the computation of gamma-ray burst afterglows indeed produces a satisfactory match to observations for gamma-ray bursts with extended high-energy emission for α = −0.4 [44] , close to the value seen in PIC simulations. Another consequence is that those electrons losing their energy through synchrotron on a timescale shorter than the dynamical timescale of the blast, do radiate in a region of changing magnetic field strength. This modifies their synchrotron spectrum and leaves definite signatures in the integrated emission, which could be potentially probed by multiwavelength observational campaigns [69] . Unfortunately, for gamma-ray burst afterglows at least, most of this difference takes place in the hard X-ray -soft gamma-ray regime, which represents the most challenging energy range for instrumentation. . Example of a synchrotron-self-Compton spectrum of a gamma-ray burst (red: synchrotron, magenta: inverse Compton, black: total), at an observer time t obs = 100 s (t obs = 0 marking the onset of the prompt emission phase), taking into account the effect of a decaying microturbulence behind the shock, as described in the text. The pair-production opacity of the intergalactic radiation fields, which attenuates strongly the emission above ∼ 1 TeV, has not been taken into account here.
Another generic consequence of the above microphysics is Compton dominance, since a weak magnetic field in the radiation region implies that electrons cool mainly through inverse Compton scattering off the synchrotron-produced photons. As an example, Fig. 11 shows the spectral energy distribution of a gamma-ray burst afterglow, at an (observer) timescale of 100 s, with B+ = 0.01 (value in the shock vicinity) and a decay law B ∝ xω p /c −0.4 . The other parameters are: energy of the blast wave E = 8 × 10 53 erg, redshift z = 0.4, density of the interstellar medium n = 0.03 cm −3 , electron energy fraction e = 0.1, accelerated powerlaw index s = 2.3, and a maximum Lorentz factor γ e,max = 2 × 10 7 , similar to that derived above. The red line presents the synchrotron spectrum, which typically extends up to the GeV range at this early timescale, as discussed above, while the magenta line shows the inverse Compton spectrum. These parameters have not been chosen at random, but lie very close to those quoted for the modelling of the recent GRB190114C which has been detected up to sub-TeV energies by the MAGIC telescope [102] , and indeed it is possible to check that the above spectral energy distribution reproduces qualitatively well that observed at early times. Importantly, all of the input microphysical parameters (i.e., e , B , s and γ e,max ), are based on, or derived from, the physical model described in previous sections. Finally, note that the afterglow model of Ref. [102] paper assumes a uniform (non-decaying) microturbulence with B = 8 × 10 −5 but, interestingly, our above values B+ = 0.01 and B ∝ xω p /c −0.4 lead to B− = 6 × 10 −5 in the emission region.
Open questions
Although the recent decades have known substantial progress in our understanding of the microphysics of relativistic, collisionless shock waves, a number of open issues, with potentially important consequences for phenomenology, remain open. Among those:
1. Current understanding suggests that particle acceleration should become efficient at low magnetization, σ 10 −3 , and indeed this matches well what is seen in PIC simulations. However, the phenomenological modelling of pulsar wind nebulae suggests both that the magnetization at the termination shock is significantly higher than the above critical threshold, and that acceleration is near optimal in those objects, because they are seemingly able to accelerate particles up to the synchrotron burn-off limit, see e.g [7] and references therein. Observations suggest that particle acceleration takes place close to the termination shock, hence our current theory of relativistic shock acceleration may be currently missing an important item.
2. It is important to keep in mind that PIC simulations have so far assumed idealized conditions, meaning a smooth, laminar cold upstream plasma, and that they have been restricted to timescales orders of magnitude below those probed by astrophysical observations. They have also neglected the possible feedback of radiation on the shock structure. The impact of a pre-existing, upstream turbulence, or high amplitude waves, is an important avenue of study for PIC simulations, as this might alter the picture developed earlier. Similarly, any broadband spectrum of radiation generated by the accelerated particles themselves, or by an external source, may have non-trivial and important consequences for the shock physics, through the possible generation of pairs in the shock vicinity, see e.g. [103] .
3. More generally speaking, how the precursor evolves on long timescales remains a question of debate. The scaling of the microturbulence amplitude in the shock precursor in the PIC simulations depicted above suggests that some form of saturation has been reached, which, in turn, suggests that such precursors could be extended over arbitrarily long length scales, without altering much of their appearance. At the present stage, one cannot exclude that secondary instabilities, e.g. [73, [104] [105] [106] , would grow on top of the primary (CFI, PCI) instability responsible for the shock dynamics in the above models. This could modify the turbulence properties in various ways, by changing its strength and/or its coherence length, with direct consequences for acceleration and phenomenology.
Summary, final comments
This paper has provided a status report on the physics of weakly magnetized, relativistic shock waves and their phenomenology, of wide applicability in high-energy and multi-messenger astrophysics.
As the turbulence that sustains the particle acceleration process is induced by the accelerated particles themselves, through electromagnetic microinstabilities driven in the shock precursor, the phenomenology of these shock waves (e.g., the multi-messenger signals that they produce) depends strongly on the microphysical processes at play. In this paper, we have thus reviewed in some detail the associated microphysics, in order to extract definite predictions for the 'parameters' commonly used in phenomenological studies, namely ξ b , the suprathermal electron energy fraction, B , the effective magnetization in the shock vicinity, s, the suprathermal powerlaw index, as well as the maximal Lorentz factors of the accelerated particles. Such microphysics is governed by a few essential parameters, namely, the shock four-velocity u sh (relative to the ambient plasma), the magnetization σ, and the composition of the ambient (unshocked) plasma. We have separated the discussion according to magnetization, because different instabilities dominate in different domains.
At σ 10 −4 , the shock physics is dominated by the current filamentation instability (CFI), often referred to as the Weibel instability, which produces a microturbulence on skin-depth scales, elongated into filaments oriented along the direction of shock propagation. At 10 −4 σ 10 −2 , the main instability is a perpendicular current driven instability (PCI) triggered by the transverse electric current, generated by the accelerated particles as they gyrate around the background magnetic field. In both cases, we have sketched a theoretical model of the dynamics of the unshocked plasma. We have shown, in particular, that the shock dynamics becomes independent of the shock Lorentz factor when γ sh 1, as the precursor, permeated by accelerated particles, plays the role of a buffer that decelerates the background plasma toward a universal trajectory in the shock rest frame.
We have then reviewed a number of phenomenological consequences of direct interest to high-energy astrophysics in Section 4. Some of the most most relevant are:
1. The electron distribution exhibits a large minimum Lorentz factor close to γ sh m p /m e , if the shock propagates into a plasma with electrons and protons in equal numbers, due to a nontrivial energy transfer between the ions and the electrons of the unshocked plasma, in the shock precursor; by contrast, in a pair shock, the minimum Lorentz factor is of the order of γ sh .
2. The acceleration rate is significantly slower than Bohm, implying reduced maximal energies for electrons and ions as compared to naive expectations, although large enough, e.g., to produce GeV synchrotron (and TeV inverse Compton) photons, or PeV protons during the early afterglow of gamma-ray bursts.
3. The small-scale nature of the turbulence makes it prone to decay through phase mixing, which implies that the effective magnetization B may be much smaller in the emission region than in the acceleration region, where it is typically of the order of 0.01.
4.
The ensuing low value of B in the emission region implies that inverse Compton scattering off the synchrotron-produced photons becomes the dominant source of electron cooling, leading to a significant amount of radiation at the highest energies.
Most of the recent progress has derived from a fruitful interplay between numerical PIC simulations, theoretical developments and astrophysical inference. As PIC simulations remain currently limited in computing time, in geometry, as well as in their assumptions, one of the great challenges of the coming decade is to transgress these frontiers, and to bridge the gap, in temporal and spatial scales, between the microphysics of kinetic plasma physics and the macrophysics of the source magnetohydrodynamics.
